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Abstract

Increasing amounts of textile waste require rapid implementation of novel recycling tech-
nologies. Biocatalytic degradation via enzymatic hydrolysis can be used to separate blends,
which are otherwise inaccessible. However, the complex nature of the substrate and narrow
operating window of the reaction necessitates process optimization but also complicates
computational approaches. The reaction is performed in aqueous suspension at ambient
pressure and temperatures well below boiling. Due to the gentle process conditions, pre-
liminary assessment of ideal stirrer geometries can be performed in water under ambient
conditions, using stirrers produced from commodity plastics using material extrusion-
based 3D-printing at both bench (2 L) and semi-pilot (30 L) scale. Eight geometries were
assessed using suspension activity (via cloud height), mixing energy consumption, and
mixing time assessment via tracer addition at the bench scale. Four of these geometries
were chosen for scale-up in a 30 L conical vessel. While large, especially close-clearance
mixing equipment performed well at both sizes, an increase in performance of the pitched-
blade turbine was observed at 30 L. This highlights the necessity of experimental scaleup
procedure as well as optimized stirrer geometries for enzymatic hydrolysis.

Keywords: non-Newtonian suspension; textile recycling; rapid prototyping; stirrer design

1. Introduction

Since textile manufacturing continually increases and garment lifetime simultaneously
decreases, end-of-life solutions for the resulting waste are required [1]. Currently, the

majority of textile waste is either thermally recovered or landfilled, both in official landfills
W) Check for updates and through unofficial waste dumping [2]. To avoid the resulting strain on the environment
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tear resistance of the polyester render the established mono-material methods unsuitable
for the blend [6]. Chemical recycling methods have been applied to both components.
The cotton can be separated via dissolution and filtration, the polyester can be degraded
chemically, and either material can be subjected to enzymatic hydrolysis [7-10]. The latter
is especially desirable from an environmental perspective, since it does not require high
pressures, temperatures, or the use of organic solvents. The reaction products are either
monomers (terephthalic acid, ethylene glycol, glucose) or purified polymers (polyester,
cellulose) that may be introduced into other processes [11,12]. Biocatalytic degradation is
a surface process that is highly sensitive to temperature variation. Product inhibition can
occur due to local maxima [13], while excessive mixing shear can lead to deactivation of the
catalyst [14,15]. Efficient process design therefore requires a mixing process that promotes
efficient heat transfer and creates homogenous reactant suspensions under minimum shear.

Post-consumer recycled textiles undergo size reduction before further processing. One
cost-effective method is size diminution via cutting or shredding [16], as seen in open
loop recycling applications such as insulation [17]. However, as shown in our previous
publication [18], this leads to complex substrates. Textile shreds consist of several flexible,
sometimes entangled, particle species of different sizes and morphologies. Depending on
particle size, composition, and solid concentration, they can form shear-thinning networks
in aqueous suspension, while still settling at the bottom of the vessel unless otherwise
agitated. At a concentration of 1% (w/v), suspensions behaved more as a particle-in-
water mixture, while 3 and 5% (w/v) textile suspensions behaved as networks. Stirred
suspensions are commonly opaque at solid loads typical for enzymatic cellulose hydrolysis,
due to the combination of coherent particles and loose fibers contained within the substrate.

Both numerical and analytical analysis of flexible particles in non-Newtonian flow is
highly complex, resource-intense and often limited to specific cases such as low volume
fractions and entanglements [19,20]. The aim of this paper is therefore rapid prototyping
for the experimental evaluation of stirrer mixing and energy efficiency. This methodology
has recently found widespread success in small-scale laboratory equipment manufactur-
ing, allowing quick and comparatively cheap creation of custom geometries of mixing
equipment [21,22].

The experiments were limited to standard geometries, since chemical textile recycling
ventures still suffer from limited economic success [11,23,24]. Process optimization should
therefore be considered within the context of low-investment integration of existing tech-
nology. Due to their longstanding use, much research has been conducted into the flow
behavior and ideal field of use of these standard geometries [25,26]. For example, Rushton
turbines are commonly used for rapid dispersion of a gas phase, while pitched-blade
turbines are used to disperse solid particles [26]. When working with viscous fluids and/or
shear thinning materials such as dough or biomass slurries, other shapes such as anchor
and ribbon impellers are more commonly used [26]. When attempting to choose an ideal
geometry for optimized biochemical textile recycling according to these guidelines, the
problem of concentration-dependent behavior of these suspensions arises.

Therefore, a preliminary array of eight stirrer geometries for varying fields of ap-
plication was produced and tested on a bench-scale cylindrical vessel, in both water,
aqueous suspension and carboxymethyl cellulose solution as a standard, homogenous
non-Newtonian fluid. Of these eight initial geometries, two promising and two poorly
performing candidates (different flow patterns and viscosity application ranges) were
further investigated. Semi-pilot scale experiments were performed on textile suspensions,
in a conical vessel which was similar in volume and proportion to an actual hydrolysis
reaction vessel used in a research project stationed at a company partner. Mixing and energy
efficiency was investigated by several key performance indicators: energy consumption,
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cloud-height and colorimetric mixing time [27,28] assessment to determine an optimal
stirrer geometry for future reaction optimization.

2. Materials and Methods

White polyester—cotton blend intended for workwear applications (65% polyester,
35% cotton; ATM Handel & Service GmbH, Winsen, Germany) was purchased from retail.
The material was shredded using a ML33 cutting mill (Wittmann, Vienna, Austria) with
a 15 mm sieve insert. Carboxy methyl cellulose (CMC), with a specification of achieving
a viscosity of 2.5-6 Pa-s! in a 1% (w/v) aqueous solution at room temperature, was
purchased from Sigma-Aldrich (Merck KGaA, Vienna, Austria) and used without further
processing. Deionized water was produced using a DIA 4000MB ion exchange cartridge
(EnviroFALK GmbH, Haimhausen, Germany).

For preliminary small-scale experiments, an Anton Paar Physica MCR 301 with a
ST-24D stirrer attachment (Anton Paar, Graz, Austria) was used for relative characterization
of the textile suspension and homogenous CMC solution, as well as a Brookfield LVDV
II (Metrohm Inula, Vienna, Austria) viscosimeter for obtaining absolute values of the
homogenous substrate. A linear rotational speed ramp from 20 to 180 rpm was used for
both textile suspension and CMC solution in the MCR, and viscosity of 1% (w/v) CMC
solution was confirmed using an LV 4 spindle (also from Metrohm) at 30 rpm in the
Brookfield viscosimeter at standard conditions.

Stirrers were fabricated by material-extrusion-based additive manufacturing (MEX)
using a conventional 3D-printer (Prusa XL, Prusa Research a.s., Prague, Czech Republic)
and white polylactic acid (PLA) filament (ecoPLA, 3D-Jake niceshops GmbH, Paldau,
AT, Austria). Printing was performed using a modified standard 0.2 mm layer-height
printing profile, with gcode created using PrusaSlicer 2.9.4 (Prusa Research a.s., Prague,
Czech Republic). The modifications included three perimeters, six solid top and bottom
layers, an infill density of 25% and organic support structure if required.

Stirrer configuration is shown in Table 1 and Figure 1, with the letter D referring to
diameter, H meaning height and B bottom clearance. The subscripts S and T represent
stirrer and tank dimensions respectively. Dimensions were chosen from standard textbooks,
producer recommendations, and scientific literature. For the 30 L experiments, bottom
clearance could not be observed due to the conical bottom of the vessel; instead, a constant
bottom clearance B of 163 mm was used.

Table 1. Stirrer names, abbreviations, investigated vessels (B...benchtop, SP...semi-pilot) and

dimensions.
Stirrer Name and
Abbreviation Scale Dg Hg B Source
Anchor A B, SP 0.9-Dy 0.5-Dg 0.03-Ds [29]
Cup C B 0.355-Dr 0.9375-Dr 1/6-Hy [30]
Frame F B 0.9-Dr 0.5-Dg 0.03-Dg [29]
Radial impeller RI B, SP 0.9-Dy 0.17-Dg 0.18-Dg [29]
Crossbeam
(15 anglo) CB B, SP 2/3-Dr 1-Dg 0.15-Dg [26]
Rushton turbine RT B 0.33-Dr 0.03-Dg 1-Dg [31]
Helical ribbon HR B 0.58-Dt 1.5-Dg 0.3-Dg [32]
Pitched-blade turbine PBT  B,SP 1/3-Dy 0.1.Dg 0.03-Dg 33]

(downward pumping, 45° angle)
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Figure 1. Representative semi-scale image of each stirrer, sorted by flow pattern

(top...radial/tangential, bottom. .. axial) and application viscosity increasing from left to right;
adapted from [25]; the geometry of the MCR stirrer used in preliminary measurements is
shown separately.

The 3D-printed parts were attached to a hexagonal stainless-steel bar (d = 11 mm;
Fixmetall, Wels, Austria) using stainless steel M4 grub screws. A HeiTorque 400 pro-
grammable stirrer motor with a range of 10 to 400 rpm (Roth, Vienna, Austria) was used for
both flow characterization and mixing time assessments. Energy consumption of the motor
was further recorded using a Voltcraft SEM 500 DUAL (1 mW resolution, 1% accuracy;
Conrad electronics, Vienna, Austria).

Mixing energy and time efficiency evaluation was performed in a 2 L double wall
jacketed glass reactor (KGW isotherm, Ruprechter GmbH Glasbldserei—Laborbedarf,
Breitenbach, Austria) and a transparent 30 L polyethylene terephthalate conical vessel
(keg king unitank; MashCamp GmbH, Vienna, Austria). The wall gap of the glass reactor
was filled with deionized water to prevent refractive interference of glass—air interfaces.
Both vessels were filled to 75% of their maximum volume. Mixing efficiency experiments
were performed at 0, 1 and 3% (w/v) of solid textile concentration, and 1% (w/v) of CMC
concentration in water at room temperature. The experimental setup and tank dimensions
are shown in Figure 2.
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Figure 2. Experimental setup and tank dimensions of bench (left) and semi-pilot scale (right)
experiments. Dimension abbreviations are the same as in Table 1; M refers to the stirrer motor.
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Mixing efficiency assessments were performed using a rotation speed ramp between
20 and 180 rpm for the largest subset of stirrers (Dg = 0.9-Dr) in 20 rpm steps, held for 2 min
per step. Whenever possible, the ramp was extended to achieve equal tip speed for the
smaller stirrers. For the two smallest (Rushton and pitched-blade turbines), the maximum
possible speed of the motor, 400 rpm, was used instead. Images of the mixing experiments
were recorded in 30 s intervals for cloud height evaluation, resulting in 4 images per motor
speed. For each extracted frame, the bottom of the vessel, liquid level and cloud height were
marked and average cloud height as percentage of the total liquid height was calculated.
Textile shreds are inhomogeneous in size and geometry, allowing smaller particles to easily
separate from the bulk. Chemical recycling requires high turnover. Limiting factors in
enzymatic hydrolysis, such as local product maxima, occur in densely packed bulk regions.
Therefore, for assessing the agitation effectiveness of various stirrers, cloud height was
defined as the point below which the majority, but not necessarily the entirety of the
material is visible. A schematic depiction as well as 2 averaged sample images can be
seen in Figure 3. Energy consumption was measured for each stirrer in water and textile
suspension (and CMC solution, at benchtop scale). A motor energy consumption curve
was recorded at all investigated speeds without stirrer attachment and subtracted from
measurements in media.

] ] | ] = 1
Liquid meniscus ‘ I l
- : N
Cloud height ‘ ’
SOKS -  mm L=
Vessel bottom \\ _ p , I I
Anchor, 20 rpm Anchor, 100 rpm

Figure 3. Schematic drawing (left) and averaged sample images (right) of cloud height determination.
M refers to the stirrer motor.

Mixing time was assessed for 3% textile suspension and 1% CMC solution, for all
geometries at equal tip speed (or 400 rpm if necessary), by introducing 2.5 mL of aqueous
methylene blue (4 x 10* and 6 x 1072 mol L™! for the 2 L and 30 L vessel respectively)
into the reaction vessel. The color dispersion was filmed using a Sony alpha ZV-e10 camera
(Amazon EU SARL, Munich, Germany), with a resolution of 1920 x 1080 px and a frame
rate of 50 s~ 1. Color homogeneity of the suspension over time was assessed using a custom
python script. The change in value was most distinct when observing the drop value of
the opposite primary color (red). Color value-time plots were plotted in OriginPro Version
9.8.5 (OriginLab, Northampton, MA, USA). Final mixing time assessment was performed
using first and second derivation of the measured curves.

3. Results and Discussion
3.1. Preliminary Characterization

Textile shreds are both too large to use the customary cone geometry typically used
for powdery cellulose substrates, and too easily settled at lower concentration for the
Brookfield spindle viscosimeter. Therefore, a close-clearance multiple-blade stirrer was

https://doi.org/10.3390/appliedchem6020031
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used to measure apparent, relative viscosity values for both textile suspension and the
reference material. Flow behavior was characterized between 20 and 180 rpm due to the
geometric similarity of the rheological equipment and the close-clearance stirrers used in
later experiments. Due to the non-standard, non-uniform geometry of the MCR stirrer,
absolute shear rates are unknown. Therefore, only an apparent viscosity value could be
calculated using rotational speed as a first approximation. A reference point was measured
for the homogenous shear-thinning carboxymethyl cellulose reference, showing the validity
of the calculated apparent viscosity obtained via MCR in Figure 4.
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Figure 4. Rheological curves (apparent viscosity) of 1 and 3% textile suspensions (green) and
CMC solution (pink) obtained via MCR stirrer attachment; absolute reference value obtained from
Brookfield spindle viscometer (purple).

Both materials are shear thinning, with the higher viscosity decrease shown by the
textile material. The viscosity of the 1% CMC solution is comparable to that of both textile
suspensions. Due to this, and the comparatively high preparative effort required, only
this CMC concentration was used for the benchtop experiments. No CMC experiments
were performed on the semi-pilot scale due to these preparative issues. Nonetheless, the
rheological correlations found in these preliminary experiments form the basis for later
efficiency evaluation.

3.2. Bench-Scale Experiments
3.2.1. Mixing Efficiency—Suspension Activity

Preliminary assessment of the stirrer suspension efficiency can be performed via
measurement of the cloud height. Cloud height was plotted against both impeller tip
speed and power consumption in Figures 5 and 6, respectively. Images taken at minimum
(20 rpm), medium (60 and 180 rpm) and maximum speed (180 rpm or higher, depending
on stirrer diameter) can be found in Appendix A.

At low concentration, little suspension activity is visible below 0.5 m-s~! for either
of the flow pattern groups. Above that speed, cloud formation varies; the smallest tur-
bines (Rushton RT and pitched-blade PBT), intended for low (<500 mPa-s, [25]) viscosity
applications, showed below-average suspension effectiveness. For the Rushton turbine,
even an initial decrease in cloud height is visible due to material that was previously more
loosely packed settling under agitation. The maximum cloud height was achieved via the
two low-to-medium viscosity stirrers investigated: the radial impeller RI and crossbeam
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stirrer CB. Of the higher-viscosity application stirrers (anchor A, frame F, cup C, and helical
ribbon HR), three showed intermediate suspension activity. The exception is the anchor A,
which moved the material tangentially but did not generate significant uplift.

At the higher concentration, it is difficult to determine the mixing activity via cloud
height. Frame, RI, and CB still showed a clear upwards trend above 1 m-s—1; cloud
height increased semi-continuously for the HR and was constant for A and C. For further
efficiency assessment, cloud height was plotted against mixing energy requirements (power
consumption at any given motor speed) in Figure 4.

Due to the low mixing energy consumption (compared to the total motor energy
consumption), absolute values are difficult to determine in the bench-scale experiments
(see negative power values for RT and PBT); however, the standard deviation between
recorded values is low, allowing relative efficiency comparisons. For the axial flow stirrers,
RI and F showed similar energy-cloud height trends; however, the RI achieved higher total
cloud height. The anchor continued to show the lowest efficiency at low suspension activity
and high power requirements. In the radial /tangential flow stirrer diagrams, the crossbeam
continues to show high efficiency. The PBT did not consume high energy amounts, but also
failed to suspend the material, while C and HR were shown to be less efficient than the
crossbeam at similar suspension activity.

axial flow pattern radial/tangential flow pattern
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Figure 5. Cloud height over tip speed for axial (left) and radial/tangential (right) flow pattern stirrers
at 1% and 3% textile suspension (top and bottom, respectively).
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Figure 6. Cloud height over power consumption for axial (left) and radial /tangential (right) flow
pattern stirrers at 1% and 3% textile suspension (top and bottom, respectively).

3.2.2. Energy Efficiency

To investigate the effect of suspending activity in comparison to simple stirring of
homogenous Newtonian and non-Newtonian fluids, comparisons of power consumption
curves of 1% and 3% textile suspension with water and 1% CMC solution are shown in
Figures 7 and 8 respectively.

Power consumption remains relatively constant at <0.1 W deviation from the motor
baseline for pure water, until deviations occur at higher speeds due to vortex formation or
turbulence. Power consumption is closely aligned (<0.2 W difference) to that of water for
the RI, CB, F, HR, and C geometries. Deviations are seen for the RI and CB at high rotational
speeds, where the power consumption of the textile suspension supersedes that of the
more viscous CMC solution. When using the anchor, the opposite occurs, suspension and
solution require similar power amounts. For the PBT, energy consumption decreases below
0.5 m-s~1, then increases and reaches a plateau after 0.75 m-s~! in pure water and CMC
solution. The plateau is much less pronounced for the textile suspension. Investigation
of the images in Appendix A shows that for the textiles, no vortex formation took place,
indicating lower total energy uptake via global fluid mixing. In the RT plot, the plateau
can be seen at 1% textile suspension, but not for the 3%. Likewise, in Appendix A, vortex
formation can be observed at 1% and in pure water, but not at 3% suspension, affirming
this hypothesis.
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Figure 7. Power consumption comparison over tip speed of radial/tangential (left) and axial (right)
flow geometry stirrers in water (empty symbols), 1% aqueous suspension (crossed symbols, dotted
lines) and 1% CMC solution (full symbols, dash-dot lines).
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Figure 8. Power consumption comparison over tip speed of radial /tangential (left) and axial (right)
flow geometry stirrers in water (empty symbols), 3% aqueous suspension (crossed symbols, dotted
lines) and 1% CMC solution (full symbols, dash-dot lines).

For the larger radial/tangential impellers, energy consumption of the suspension is

very similar to that of the CMC solution. Trends are less clear for HR, CB, and the two
turbines. For the CB, CMC solution is generally less energy-intense than the textile suspen-
sion, possibly due to early-occurring vortex formation and turbulence. The helical ribbon
shows a similar power consumption between textile suspension and water, suggesting
that regardless of concentration, the solids are moved and not suspended until relatively
high speed.
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From the preliminary rheometric curves, a clear increase in power consumption of
1% textile < 1% CMC < 3% textile was assumed. This was not affirmed; instead, the order
of power consumption differed by geometry. This suggests that the defining influence
on power efficiency in textile suspension is uplift and mixing of the solid, rather than its
measured apparent viscosity.

The experiments in textile suspension and CMC solution were further analyzed us-
ing a power law fit, containing base power consumption factor K, in W and a power
increase factor 17, in W m~! s over the tip speed s in m s™1. Several speed—-power cor-
relations, especially in the less concentrated textile suspension, do not allow power law
correlation fitting:

P =K, " (1)

Power law parameters for both textile suspensions and CMC solution are plotted in
Appendix D. At 1% suspension, power consumption remains almost constant near 0 for the
majority of geometries and speeds. In this case, a power law fit is not applicable, indicating
that the suspension is mixed as water containing particles, instead of a non-Newtonian
fluid. The exception is given by the close-clearance impellers A and F.

At 3% textile suspension, a fit quality of R? > 0.9 is achieved for A, F, Rl and CB geome-
tries. Anchor and frame have a similar base power requirement K around (0.19 W =+ 0.03)
and similar power increase factor n, (2.37 = 0.18 W m~ ! s). The RI has a much K, (0.5W)
at a slightly lower n, (219 W m~! s), while the CB shows less base power K, (0.13 W)
but larger increase with tip speed n (2.66 W m~! s). While F, RI and CB achieved high
cloud height values, A did not, suggesting that power consumption is affected by another
factor in addition to suspension activity. This is further supported by the fact that the
close-clearance impellers A and F show similar base power requirements (0.17 W % 0.01)
and power increase factors (2.5 + 0.01 W m~!s)in homogenous CMC solution. For all
evaluated (R? > 0.9) stirrers, 3% textile suspensions show comparatively higher K and
lower n-vlaues than in 1% CMC solution. This correlates to the preliminary rheological
measurements shown in Figure 4, where 3% textile suspension shows higher initial vis-
cosity but less shear thinning than the 1% CMC solution, while showcasing that viscosity,
when defined as “resistance to flow” is geometry dependant.

3.2.3. Mixing Time

Mixing time experiments were performed in aqueous textile suspension and CMC
solution. Analysis of the mixing time was performed by determining the point of dye
addition and monitoring the decrease in opposite primary color. Figure 9 shows normalized
and smoothed color-response curves as well as their first and second derivation. While
some interference from particle movement is visible within the plots, the rapidity of
the color change (shown by the slope of the color signal) is a preliminary indicator of
mixing efficiency. However, the method is likely to underestimate mixing time, since the
derivations are vulnerable to interference and visual assessment of the suspension mixing
is necessary to confirm end set points. The radial impeller RI and helical ribbon HR showed
stable color development < 0.2 min, while the majority of geometries required roughly
0.4 min. The Rushton and pitched-blade turbines required each required >1 min, showing
the lowest colorimetric mixing efficiency in aqueous suspension.

In CMC, often much longer mixing times were required, rendering the color-time
analysis inefficient due to both space and processing power concerns. Instead, images were
extracted and evaluated at fixed time intervals. Extracted frames from each timestamp are
shown in Appendix B. As an example, the pitched-blade turbine and crossbeam impeller
are shown in Figure 10.
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Figure 9. Normalized semi-logarithmic color-time plots of small scale 3% aqueous textile suspension
experiments; signal in gray; first derivation in pink, second ingreem; dotted lines signal 0-value of
each derivation.

t=0s t=30s t=60s t=300s t=6093

Figure 10. Dispersion of aqueous methylene blue in 1% CMC solution over time (0 s—600 s), using a
PBT (top) and CB (bottom) geometry.
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The progress of dye distribution can be separated into two phases: an initial phase
dominated by diffusion (0 s-30 s), and an active mixing phase after the dye enters the
stirrers” sphere of influence (60 s). The distribution of the dye can be represented by the
average color of the solution and evaluated analogously to the suspension (see Figure 11).
Mixing occurs both via overall distribution of color throughout the vessel, and by breaking
of residual agglomerates (see Figure 10, 300 s, both stirrers). However, while the former
occurred for all stirrers within the monitored timeframe (<30 min), the latter was mainly
observed for two of the axial flow stirrer geometries (HR and CB, see also Appendix B).
Colorimetric mixing time assessments are plotted in Figure 11.
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Figure 11. Normalized semi-logartihmic color-time plots of CMC solution experiments, showing
relative values (symbols) and standard deviations (ribbons) of radial/tangential (top) and axial
(bottom) flow pattern geometries. Dimensionless RGB values were normalized and plotted at
fixed intervals.

The color evolution analysis also shows increased mixing efficiency for axial flow
pattern stirrer geometries. While radial / tangential flow patterns require >60 s of mixing
time to occur before a noticeable drop in red value, especially the HR and CB axial stirrers
show earlier color mixing. This may be due to increased overall mixing efficiency; however,
due to the relatively large height of these geometries, it is more likely to result from a
reduction in the initial, diffusion based mixing phase.

3.3. Semi-Pilot Scale Experiments
Mixing Efficiency—Suspension Activity
Images of all stirrers and concentrations can be seen at low (20 rpm), intermediate

(60 rpm), high (180 rpm) and maximum (when not 180 rpm) motor speed in Appendix C.
The cloud height in relation to tip speed and power consumption is shown in Figure 12.
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The cloud height reached the upper limit of the reaction vessel for all stirrer geometries
at both substrate concentrations. The anchor and radial impeller achieved this at a lower
below 2 m-s~! tip speed, while the CB and PBT required 2.5 and 3.3 m's~! respectively.
The CB also required approximately 0.2 W to 0.5 W higher power than A and RI at similar
cloud heights, although this effect is less pronounced at higher substrate concentrations.
The settling effect observed during the small-scale experiments for the Rushton turbine
now also occurs for the PBT. Power consumption is low during this initial phase. Above
2 m s~ ! tip speed, the downward pumping effect of the turbine is strong enough to move
the material bulk. As a result, material is drawn down and repelled by the vessel wall and
bottom, leading to both vertical and horizontal particle motion. Maximum cloud height is
achieved at a power consumption of approximately 3 W (1-1.5 W higher than for the other
geometries). Compared to the other geometries, a large vertical motion component of the
particles was observed.
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Figure 12. Cloud height over tip speed (left) and power consumption (right) at 1% and 3% textile
suspension (top and bottom, respectively).

The correlation between power consumption of the motor and tip speed of the stirrer
is shown in Figure 13 for all geometries.

While the RI and anchor show high suspension activity, the PBT shows much lower
energy consumption at each comparable tip speed, for both dilute and more concen-
trated textile suspensions. Power law modeling (see Appendix D for results) shows
that the base power requirement Kj, is at 0.12 + 0.02 W and power increase factor 7,
at2.59 + 0.21 W m~! s for all stirrers in 1% textile suspension. At 3% textile concentration,
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the PBT shows a much lower K, (0.05 W) at comparatively high 1, (3.07W m™~1 s). The other
geometries are within a K, range of 0.23 & 0.01 W and 7, range of 2.39 + 0.13 Wm ™! s.
Extrapolating to the experimentally unavailable equal tip speed of 5.29 m s~!, the PBT
still shows the lowest power requirement of the semi-batch scale stirrers. In addition to its
generally lower energy requirements, the PBT has another advantage: lower turbulence is
observed at equal tip speed. Images of all four stirrers are shown in Figure 14 at both the
speed where maximum cloud height is reached and their maximum investigated speed.

o A1% © RI1% & CB1% v PBT1%
m A3% © RI3% A CB3% v PBT3%
T T T T T T T T T T T

15.0 -
a

12.5 - i

10.0 |

7.5

power / W

5.0

2.5

0.0 1

0o 1 2 3 4 5 6
tip speed / ms™’

Figure 13. Power consumption over tip speed for all geometries at 1% and 3% textile suspension.

Figure 14. Stirrers at lowest speed of maximum cloud formation (top) and maximum speed (bottom).

While there is some vortex formation visible for the PBT, the effect is minor compared
to the other geometries. Both the anchor and impeller showed strong vortex formation at the
minimum speed required for maximum cloud height. Air incorporation was visible for the
CB at the minimum speed required for maximum cloud height, and for all three non-PBT
geometries at maximum speed. Both effects reduce mixing efficiency, and air incorporation
can lead to enzyme deactivation. Therefore, these geometries are undesirable for the
enzymatic hydrolysis of textile waste without further adaptation of the experimental setup.
These may include the installation of baffles (although this may lead to particle entrapment
and flow dead-zones) and adaptation of stirrer geometry to allow lower bottom clearance.
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3.4. Mathematical Modeling of Dimensionless Scaling Parameters

To allow efficiency comparisons independent of experimental setup, dimensionless
numbers are used. For stirrers, commonly a correlation between the Reynolds number
Re and the Power number Np is plotted, characterizing both flow regime present and the
power consumption of the stirrer therein. However, Re depends on the viscosity of the
investigated liquid, which is not constant for non-Newtonian media. In this case, measured
viscosity decreases with rotational speed, resulting in a so-called shear thinning liquid.
Due to the exponential correlation between shear rate and measured viscosity found in the
rheometer, the so-called power law, containing the consistency factor K, the shear rate 7y

and the flow factor n applies:
1

)

Otto and Metzner were among the first to describe this problem [34]. They defined a

n=Kq""

constant B which establishes a relationship between the apparent shear rate and impeller
rotational speed N, which is strongly influenced by both fluid rheology and mixer geometry.

Y=BN 3)

More recent approaches commonly determine effective overall shear rates, by system-
specific Metzner-Otto constant K, which contain impeller type, vessel configuration and
viscosity dependence over shear rate.

Yerf =Ks N (4)

Due to its strong dependence on stirrer (impeller type, blade width, clearance, ...)
and vessel (baffles, bottom type, etc.) geometry, as well as the power-law index n of the
fluid, empirical or modeled K; values found in the literature are often inapplicable for even
slightly different system setups [35]. Calderbank and Moo-Young instead modeled the
stirrer—tank system as a capillary flow and reduced geometric factors to a stirrer and tank
size relation [35,36]. From this, they derived a simplified generalized Reynolds number for
power law fluids, containing the flow factor n and consistency factor K:

0 D52 NZ*H

Repl = K

)

The rheological parameters K and n were taken from the preliminary assessment via
MCR and can be found in Table 2.

Table 2. Rheological parameters of textile suspensions from preliminary MCR measurements.

1% Textile Suspension 3% Textile Suspension
n/— 0.111 0.043
K/mPa-s 210.33 5249.4

The power number N, is defined by power consumption P, the density p, rotational

speed N, and stirrer size Ds.
p

= 6
DN (6)

Np

Dimensionless N—Rey; plots are shown in Figure 15 for the semi-pilot scale experi-
ments and corresponding bench-scale experiments.

Higher solid load decreases Re due to lower turbulence caused by the higher viscosity
of the medium. At bench scale, it is further decreased by a factor of 5 to 10 due to an
increased influence of wall effects. At semi-pilot scale, little influence of stirrer geometry
on Np is observed for the anchor, radial, and crossbeam impellers—it is within 0.2 and 2
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in water in and 1% suspension, increasing to a range of 0.3 to 5 at the highest substrate
concentration. The PBT shows higher Np and Re in water than in suspension. Np is
relatively constant in suspension, suggesting that the presence of the substrate results in
purely laminar flow. At bench scale, assessment of Np is difficult due to comparatively
small power differences observed between measurement and blank and stronger influence
of the suspensions’ non-Newtonian behavior, effected by stronger boundary layer effects
and lower mean shear rates. Calculation is possible while interpretation is complicated
for three out of four geometries, while the power consumption of the PBT falls below
measurable limits in suspension. Turbulent Np values were found in the literature between
2.7 and 1 for the RI [37,38], approximately 0.8 for the A and PBT [39,40], and 0.3 for
the CB [41]. While the semi-pilot CB and PBT are within a 0.1 range of values in the
literature, the RI and A are lower. The system in this work differed from those in the
literature due to the conical bottom geometry and lack of baffling. The effect of the
conical bottom is comparatively minor [37], but the lack of baffling may greatly decrease
power numbers [42]. Bench-scale experiments showed higher Np than the semi-pilot
scale. However, the difficulty of accurately determining power consumption in scale-down
operations and the further complications caused by viscoelastic fluids are known from
the literature, requiring significant engineering to counteract [43,44]. To assess stirrer
efficiency in textile suspensions, empirical observations at larger scale seem preferable.
Until optimized mathematical descriptions can be found, rapid prototyping offers a quick
method for investigation complex substrate-vessel-stirrer interactions.
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Figure 15. Dimensionless numbers Re and Np for the investigated radial / tangential (top) and axial
(bottom) stirrer geometries; increasing textile concentration is marked by shade dark to light, scale by
color (benchtop = brown, open symbols and semi-pilot = blue-green, closed symbols).
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4. Conclusions

The combination of gentle reaction conditions and difficult-to-model substrate make
experimental analysis and the use of rapid prototyping for determining ideal stirrer ge-
ometries in enzymatic textile hydrolysis highly attractive. The PBT shows lower power
consumption at equal tip speed than the other geometries investigated at semi-pilot scale.
Furthermore, it provided high suspension activity, vertical homogenization, low vortex
formation and did not incorporate air at the speed of maximum cloud height formation.
Therefore, it was shown to be the ideal stirrer geometry for the 30 L conical tank. However,
at bench scale it failed to increase cloud height even at high speeds and did not show fast
color dispersion in either textile suspension or CMC solution. It is unclear whether this
is due to the change in vessel geometry (flat to conical bottom) or whether the benchtop
model was simply too small compared to the substrate (Ds < 2.5 substrate diameter).
Mathematical modeling of characteristic dimensionless numbers showed discrepancies
between benchtop and semi-batch scales, but showed comparable values to those in the
literature for axial flow impellers at semi-pilot scale. The difference in performance of the
PBT between small and large scales highlights the necessity of experimental investigations
during scale-up, for which 3D printing offers a comparatively quick and cheap method
for producing standard geometries. These studied geometries lead as a basis for further
scale-up towards the industrial scale.
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Abbreviations

The following abbreviations are used in this manuscript:

MCR Modular compact rheometer
CMC Sodium carboxy methyl cellulose

A Anchor

C Cup

F Frame

RI Radial impeller
CB Crossbeam

RT Rushton turbine

https://doi.org/10.3390/appliedchem6020031


https://doi.org/10.3390/appliedchem6020031

AppliedChem 2026, 6, 31

19 of 25

HR Helical Ribbon

PBT Pitched-blade turbine

np power increase factor (from power consumption modelling)

Ky Base power consumption factor (from power consumption modelling)
n flow factor (rheology)

K consistency index (rheology)

Appendix A

Figure A1. Anchor (left) and cup (right) stirrers, at minimum (20 rpm), medium (60 rpm), high and
maximum speed (180 and 230 rpm).

Figure A2. Frame (left) and radial impeller (right) stirrers, at minimum (20 rpm), medium (60 rpm)
and maximum speed (180 rpm).
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Figure A3. Crossbeam (left) and Rushton turbine (right) stirrers, at minimum (20 rpm), medium
(60 rpm), high (180 rpm) and maximum (240 and 400 rpm respectively) speed.

Figure A4. Helical ribbon (left) and pitched-blade turbine (right) stirrers, at minimum (20rpm),
medium (60 rpm), high (180 rpm) and maximum (280 and 400 rpm respectively) speed.
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Appendix B

t=0  t= ~ t=5  t=30  t=60 _ t=300 ___ t=600

Figure A5. Color evolution in 1% CMC solution over time (0 s—600 s; end of recording is marked
within frame) for axial stirrers.

t=0 t=1 t=5 t=30 t=60 t=300 t=600

Figure A6. Color evolution in 1% CMC solution over time (0 s—600 s; end of recording is marked
within frame) for radial /tangential stirrers.
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Appendix C

Figure A7. Anchor (top left), radial impeller (top right), crossbeam (bottom left) and pitched-blade
turbine (bottom right) stirrers on semi-pilot scale; from top to bottom at 20, 60, 180 and maximum
(240 for CB, 400 for PBT) rpm.
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Appendix D
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Figure A8. Base power consumption factor K, and power increase factor 1, for bench-scale stirrers in
textile suspension (1% top, 3% middle) and CMC suspension (bottom) from power law P = K, -s"»
modeling; fits below R? = 0.9 are marked with hatched shading.

T T T T T T T
-6
1% textile suspension L
= k[ n L5
[ ;Q- L
(]
S c -4
O O 3
o =
o 2 -3
o £ ]
o @ L2
c
S L
o -1
. v r + 0
A RI CB PBT
T T T T T T T T
-6
3% textile suspension L
= K n 5
—_ ;ﬂ- L
(5]
S c 4
O O 3
Q=
o & -3
g E -
o L2
[
S L
o -1
- T 0
A RI CB PBT

power increase

power increase
factor n, / W m's

factor n, /W m's

Figure A9. Base power consumption factor K, and power increase factor 1, for bench-scale stirrers in

textile suspension (1% top, 3% bottom) from power law P = K}, -s"» modeling.
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